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FOREWORD 

This report describes the results achieved under Contract Number . 
AF30(602)-2575 during the third and final contract year, November 1, 1963 
to October 31, 196b. Much of the work on the now expired contract will 
be continued under a new contract, AF30(602)-3595. 

During this third contract year, the objectives of the research pro- 
gram were modified. Earlier, the main emphasis was on conducting theoret- 
ical and experimental investigations of generating high peak and average 
powers in microwave tubes over relatively broad bandwidths. While some 
work is continuing on this subject, the scope has been extended to in- 
clude: high power broad band devices, and phase-shifter and delay-line 
mechanisms. The particular projects are described herein and the Table 
of Contents shows the project grouping under these two areas of research 
interest. A brief discussion of this new emphasis is presented in the 
Introduction. 

During this contract year a total of nine reports were written and 
distributed, including three status reports, as follows: 

(1) F. Ivanek, "Study of Modes and Their Suppression in Broadband 
Periodic Structures for High-Power TWT Amplifiers," Technical 
Documentary Report (Microwave Laboratory Report No. 1115). Also 
issued as RADC-TDR-62-532. 

(2) T. Wessel-Berg, "An Analysis of Orbit Pumping Phenomena in 
Quadrupoles," Technical Documentary Report (Microwave Laboratory 
Report No. 113C). This report was also issued by RADC as RADC- 
TDR-6U82. 

(3) H. L. Stover, "Microwave and Electron Beam Interactions with 
a Finite Plasma," Technical Documentary Report (Microwave 
Laboratory Report No. ll^O). This report was also issued by 
RADC as Technical Documentary Report No. RADC-TDR-6U-117. 

{k)    Quarterly Status Report No. 9, for 1 November 1963 to 31 Jan- 
uary 196U (Microwave Laboratory No. IIU3). This report was 
not printed as an RADC TDR. 

(5) A. J. Bahr, "On the Analysis and Suppression of Oscillations 
in High-power Traveling-wave Tubes," Technical Documentary 
Report (Microwave Laboratory Report No. 11^7). This report 
was also issued by RADC as Report No. HADC-TDR-6U-172. 

(6) C.C. Lo, "Studies of the Effect of Circuit Tapering on TWT 
Performance," Technical Documentary Report (Microwave Labora- 
tory Report No. 1155). This report was also issued by RADC 
as RADC-TDR-6U-322. 
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(7) Quarterly Status Report Ho. 10, for 1 February to 30 April 196k 
(Microwave Laboratory Report No. 1178). Also issued as RADC- 
TDR-6U-357. 

(8) Bas Hoeks, "Space-charge Vaves in an Accelerated Parallel-flow 
Electron Beam in a Constant Magnetic Field," Technical Documen- 
tary Report (Microwave Laboratory Report Bo. 1205). Also is- 
sued as RADC-TDR-61*-U0l». 

(9) Quarterly Status Report No. 11, for 1 May to 31 July 196U 
(Microwave Laboratory Report No. 122k).    Also issued as RADC- 
TDR-6U-U65. 

This Annual Report suamarizes the information presented in all of the 
above nine reports and describes the work done in the last quarterly 
period as well. 

During the course of this contract year, some projects were termi- 
nated and some new projects were begun. Such changes were described in 
the appropriate status reports. At the time of this present report, six 
projects were active: 

I. Extended-interaction klystrons 
II. Centipede TWT 

III. Transverse-wave studies 
IV. Whistler mode propagation in solids 
V. Carrier wave propagation in semiconductors (Gunn oscillations) 

VI. Acoustic wave devices. 

The Responsible Investigator for this contract is Professor Marvin 
Chodorow. 

The RADC Project Engineer *AS Lt. William Wilson (iMATE). The 
Project Number was 5573 and the task Number 557303. 

This technical report has been reviewed and is approved. 
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ABSTRACTS 

I. EXTENDED-IFIERACTIQN KLYSTRONS 

The snall-aignal performance of a three-cavity extended-inter&ctlon 

klystron, operating in conjunction with the electron stick, at 1100 Mc, 

and vith beam voltages near 25 kV, is in good agreement with the theory. 

Saturation measurements are in progress, with the object of finding the 

best interaction length and loading of the output region for greatest 

power-bandwidth. 

II. CENTIPEDE TWT 

A centipede propagating structure has been operated as a high power 

traveling wave tube, using the electron stick to provide the electron 

beam, at beam voltages of 100 kV. Use of the stick allows direct 

measurements to be made of amplitude and phase of the fields within the 

coupled cavities by means of direct field probing. A space-charge wave 

theory, and an improved equivalent circuit for this system, have been 

derived, and the experimental results are in good agreement with this 

theory. The experimental work is nearly completed, and a technical 

report is in preparation. 

III. TRANSVERSE-WAVE STUDIES 

The study of transverse wave propagation on accelerated streams has 

established some useful information on the transformation properties of 

accelerated regions. The analytical treatment involves a number of 

approximate methods for obtaining asymptotic solutions. In particular, 

the quasi-static, thin-beam approximation has been used. The results 

are summarized in the present report. 



IV. WHISTLER MODE PROPAGATION IN SOLIDS 

The purpose of +.his study is to investigate wave propagation through 

solid state material vhich depends on plasma effects resulting from the 

collective motion of the conduction electrons. This project has been 

active for one quarter, during which time preliminary calculations have 

heen made on the propagation of Whistler modes in indium antimonide. 

Samples have been obtained, and an initial experiment is being set up for 

operation in the high microwave frequency range. 

V. CARRIER WAVE PROPAGATION IN SOLIDS 

A study of the Gunn effect and related waves which can propagate 

through a semiconductor has been started. Gallium arsenide, indium 

phosphide, and other semiconductor materials have been obtained for this 

purpose. Oscillations have already been observed with our first Gunn 

diodes made in this laboratory. A theory for this effect which depends 

on saturation of the current-voltage characteristic due to optical phonon 

interactions lias been formulated, which Indicates that waves can propagate 

through a saturated semiconductor without loss. However, only a small 

negative resistance effect, insufficient to explain Gunn oscillations, is 

predicted. Other theoretical causes for the negative resistance are 

presently being examined. 

VI. ACOUSTIC WAVE DEVICES 

Facilities are being established for the fabrication of new types of 

transducers, particularly thin-film types, for the coupling of electro- 

magnetic energy into microwave acoustic waves. The objective is to 

experimentally test new approaches for the reduction of coupling loss, 

which is of utmost importance at this time to the development, of practi- 

cal microwave time and phase delay systems and other devices employing 

acoustic waves. Several transducers employing magnetostrictive nickel 

films have been fabricated and tested, and initial results on the 

dependence of coupling loss on fabricational parameters are presented. 

Yl 
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INTRODUCTION 

The primary objective of this program originally was to investigate 

methods of generating high peak and average powers in the mivrowave 

regions over relatively broad bandwidths. By this has been implied 

typical values which we might quote as 10 mW of peak power, 30 kW of 

average power, and 10 to 20% bandwidth in the S-band region. Most of 

our individual projects in the past have been aimed at these kinds of 

objectives, and, in particular, have been concerned with understanding 

the properties of either traveling wave tubes or klystrons which could 

reach these objectives, while also attempting to resolve some of the diffi- 

culties which existed in such devices. Over the years, considerable 

progress has been made in achieving the aims of the program, and in the 

last year or so a considerable part of our effort has been aimed at 

looking at instabilities in traveling wave tubes, methods of avoiding 

them, and to some extent, at methods of extending the bandwidth of 

both traveling wave tubes and some special forms of klystrons. This 

has still represented a considerable portion of the program over the 

past year. However, as radar system objectives and approaches have 

changed, the objectives of our own program have also changed. In par- 

ticular, radar systems have been trending largely into phased arrays, 

and these in turn depend heavily on the use of phase shifters and delay 

lines with electronically controllable characteristics, good power 

handling capabilities, and large variation in the phase shift possi- 

bilities. The program has followed these changes in radar design, and 

a good portion of it has been shifted over into investigating various 

novel mechanisms and devices which might be particularly of value in 

phase shifting. Hence the individual projects represent the closing 

stages of investigations aimed at our earlier objectives, plus the be- 

ginning stages of investigations which are aimed at these new objectives 

directed towards phased arrays. 



In the first category, that is, projects concerned with relatively 

high power broadband devices, we can list two, both of which are concerned 

with investigating some aspect of broadband high power devices. Both 

utilize an experimental apparatus which has been developed In our labo- 

ratory, called the electron stick. This Is a long, hollow glass cylinder 

with a cathode and collector, and which is lined with a very fine, 

closely spaced helix. This permits us to transmit a high-voltage, high- 

current beam along the axis of the glass cylinder without charging the 

walls, and permits the placing of interaction structures of various 

kinds on the outside of the glass cylinder. Thus the electron beam Is 

in the vacuum, the rf structures are outside the vacuum and can be 

modified at wlU, and measurements can be made of rf field distributions 

under operating conditions which would not be possible if the rf struc- 

ture were also part of the vacuum. The presence of the glass cylinder, 

and of the closely spaced tungsten helix In the interior which prevents 

the charging of the glass, cause a perturbation In the interaction be- 

tween the beam and the exterior circuits which is quite small and calcu- 

lable. The electron stick has been used, first, in a program investigat- 

ing extended-Interaction klystrons which is described in the body of 

the report. The extended-interaction klystron, which was first Invented 

and developed in our laboratory, uses resonant lengths of a propagating 

circuit as klystron cavities; it can be shown that such cavities can 

exceed the gain bandwidth characteristics of conventional klystron 

cavities by a large factor. This was originally demonstrated in this 

laboratory and has been used extensively in various industrial labo- 

ratories. Most recently, the most unusual results have occurred in a 

pulsed X-band program also sponsored by RADC. In spite of the excellent 

achievements obtained with this circuit, there is still a great deal 

about the performance characteristics which is not known. In particular, 

it is not known how the efficiency and the bandwidth of the distributed 

interaction circuit vary with electrical length under large signal condi- 

tions, although remarkable efficiencies and bandwidth have been achieved. 

It is of importance to make a systematic investigation of the behavior, 

and of the effect of length on the efficiency and bandwidth. There Is 



a theory covering the bandwidth properties vhlch is probably reliable, 

but there Is not very much In the vay of theory concerning the large 

signal efficiency. The variation of efficiency with length for an 

extended-interaction cavity used as an output circuit will be detemined 

here by the electron stick investigations of distributed interaction 

klystrons which are described in Part I. Fart II describes the use 

of the stick in conjunction with a propagating circuit, namely the 

centipede, which has already been shown to give the greatest bandwidth 

of any high powered circuit devised up to now. In this experiment an 

attempt has been made to determine the variation of the field configuration 

along the circuit by actually probing the cavities. In particular, it 

was hoped to find out how these vary under large signal conditions and 

also at frequencies near the band edge, where instabilities occur. For 

technical reasons having to do with the nature of the stick, some of 

these objectives, particularly large signal objectives, have not been 

achieved. However, we have been able to get considerable inforoation 

about the behavior of the signal in a high power traveling wave tube 

of this kind, and to develop a theory using equivalent circuit concepts 

which is capable of giving better theoretical results then the previous 

circuit models. 

These are the only two programs which are relevant to high power 

wide band devices. The remainder of our activities are concerned with 

looking at mechanisms and possible devices which might be suitable for 

phase shifters and delay lines. The first of these is aimed at using 

electrons in magnetic fields as a delay mechanism. As a preliminary 

to this, ve have been looking at some problems of space charge waves 

in accelerated electron beans in a constant magnetic field. This Is 

largely theoretical and, as has been stated already, is really a pre- 

liminary to some more directly applicable work on delay line mechanisms. 

Another project which is aimed at possible delay line devices uses semi- 

conductor plasmas. It is known that certain kinds of waves will propa- 

gate in the plasma of a semiconductor. In particular, under certain 

conditions involving a suitable magnetic field and choice of material, 

one can get the analog of the Whistler mode of propagation such as occurs 



in the ionosphere, with, of course, very different manerical constants 

specifying the medium. In a solid this is known as a helicon vave. Its 

Interest for delay lines is that it is an extremely slow vave and can 

also be quite lossless. The magnetic field in this case is applied 

externally; it is conceivable that one can use the field to either vary 

the delay or the direction of propagation of the vave, with an obvious 

application to either microwave switching or delay lines. It is also 

possible that one might be able to achieve electronic control by applying 

dc electric fields which cause motion of the carriers, and interaction 

between moving carriers and helicon vaves may provide amplification or 

control of phase characteristics. Another related investigation is aimed 

at identifying the mechanisms Involved In oscillations in semiconductors 

known as Gunn osculations. Since these are known empirically to depend 

on the transit time of the carriers. It is possible that a complete 

understanding of the oscillation mechanism may also lead to an amplifica- 

tion mechanism and possibly to a controllable delay mechanism. At the 

moment, we are investigating Gunn oscillations experimentally in some 

semiconductors, and also some theoretical work is underway to attempt 

to explain them, which would of course be necessary for utilization in the 

ways we have mentioned. 

Finally, the last major approach to the delay line problem is 

through the use of high frequency acoustic vaves in various solids. 

Propagation of such waves has been measured in this laboratory. For 

some materials the attenuation is found to be quite low. It is also 

possible, by use of acoustic amplifiers using the piezoelectric effect 

in semiconductors, to produce amplification of such acoustic vaves. The 

sime mechanism as used to produce anrplification, namely interaction with 

charge carriers, can under other circumstances control the phase velocity, 

and this would also be a possible avenue to devices with electronically 

controllable phase and amplitude characteristics, and with delay times 

determined by acoustic velocities which are quite low. The principle 

effort now is concerned with the transducer problem of launching such 

acoustic waves; there are various approaches involving principally thin 

films which are under way in our laboratory. Some details of all of 

these topics are given in the body of this report. 



EAHT I: HIGH POWER BRQftDEBASD DEVICES 

I. EXTEHDED-IHTERACTION KLYS1BONS 

(M. Chodorow,* B. Ralke) 

A. INTRODUCTION 

The primary purpose of this project has been the investigation of 

the maximuai gain bandwidth product and conversion efficiency which can be 

achieved in an extended-interaction klystron, with cavities consisting of 

resonated sections of slow-wave structure. In particular, the dependence 

of gain-bandwidth and efficiency on resonator length, on MR j/Q , and 

on loading conditions was to be determined. This problem has been ap- 

proached in several steps, the last of whicl- is currently awaiting 

completion. 

The first of these steps was the detailed investigation of a high- 

power plane slow-wave structure, i.e., the stub-supported meander line, 

which held seme promise of yielding a relatively high value of Rg^/Q 

when used as a cavity resonator. The results of this work have been 

summarized earlier.  It was found that in order to gain any advantage 

from the use of this structure, a planar beam would be required. However, 

since only a cylindrical beam was readily available (see below), the stub- 

supported meander line was dropped from consideration as a possible inter- 

action structure. 

The second step involved the design, construction, and evaluation of 

a three-cavity extended-interaction klystron operating near 100 kV at a 

frequency of 2800 Mc. This design was largely governed by the available 

experimental vehicle, i.e., the electron stick, which is a vertical, three- 

quarter-inch diameter, thin-walled, evacuated glass tube containing a 

half-inch diameter electron beam. The beam is confined by a longitudinal 

« 
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magnetic field generated by a stack of coils with a five-inch inner 

diameter. The structure to be tested is lowered concentrically into the 

annular space between the glass tube and the coils, without any need for 

further evacuation. Pertinent design and performance data for this tube 
2,5 

have been given earlier. 

Since, in view of the objectives as stated, the performance parameters 

of the output cavity were of greatest interest, the S-band tube was de- 

signed as a hybrid device with only the output cavity operating as a dis- 

tributed interaction system, but with the input and idler cavities designed 

as conventional "narrcw-gap" reentrant cavities. The output cavity utilized 

a resonated section of stub-supported ring-bar structure with its length 

variable from x to 5« radians; this section was closely coupled at one 

end to a reduced-height waveguide. The Input and Idler cavities were 

plunger-tuned over a ten percent bandwidth so that they could effectively 

simulate a wide-band, stagger-tuned bunching section, with overall band- 

width then determined only by the output cavity. Test results obtained 

with this tube proved to be Inconclusive because the perfomance was 

severely limited, especially for the longer (and more Interesting) output 

interaction lengths, by regenerative oscillation in adjacent axial modes, 

parasitic oscillations peculiar to the electron stick, and the large values 

of ya.   Imposed at S-band frequencies by the Inherent physical separation 

of the glass-enclosed beam from the slow-wave circuit. 

The third step. Intended as a refinement on the second step, con- 

sisted in the design, constructionj and evaluation of a three-cavity ex- 

tended interaction klystron operating near 25 kV at a frequency of 1100 Mc. ' * 

The lower operating voltage of this tube is designed to simplify the 

suppression of parasitic beam oscillations and of rf breakdown under 

saturated-beam conditions; the lower operating frequency implies a smaller 

7a and, hence, greater field uniformity and interaction impedance. All 

three cavities utilize simple resonated ring-bar structures which at one 

end make ohmic contact to modified BNC connectors serving as couplers. 

The input and idler cavities are again made tunable over a ten-percent 

range; this is achieved by a novel means of variable capacitive loading 

of the circuit  The length of output cavity can be varied from one to 



to five resonant half-wavelengths, with provision for attaching a coupler 

at either end of the cavity, for all lengths. The value of " Kv/Q > 

which is the relevant figure-of-merit for the performance of a klystron 

cavity, is about 110 ohms for the input and idler cavities (length 2* 

radians) and about 2k0 ohms  for the maximum-length output cavity (length 

5« radians); clearly, these values Improve on those typical of narrow- 

gap cavities by a factor of two or three. 

The problem of suppressing the parasitic oscillations peculiar to 

the electron stick has been solved in a manner consistent with the use 

of the close-spaced ring-bar circuit as a slow-wave structure, by wrap- 

ping the entire electron stick with a directionally resistive uylar 

material. This material presents only moderate and purely ohmic loading 

to the circuit, but completely suppresses the parasitic beam oscillation 

at least up to a beam voltage of 50 kV. 

Regenerative oscillation of the individual cavities in axial modes 

adjacent to the design mode is prevented by selective internal ohmic 

loading of the radial electric fields near the slow-wave structure. The 

rf breakdown within the output cavity has been remedied successfully by 

immersion in a sulfur-hexafluoride atmosphere, and during trial runs 

saturation power levels of near ^0 kW output have heen achieved. Cali- 

brated variation of the external load on the output cavity is achieved by 

adding a susceptance, i.e., a stub tuner, at a distance near Xg/8 from 

the detuned-short position; by this method, Q . can typically be varied 

over a ten-to-one range. 

B.  CURRENT STATUS 

After ascertaining the stable operation of the L-band klystron, we 

have carried on beam-testing of the tube over the past few weeks. An 

observed frequency-dependent instability of the output signal, which 

last quarter had been tentatively (and erroneously) identified as being 

due to feedback between cavities, was shown to be caused actually by 

rf breakdown in the idler cavity which occurs when the tuning motion in 

effect narrows the gaps in that cavity. This difficulty occurs only at 

7 



power levels well into the saturation region, and can also be resnedied 

by SIV quenching, if necessary. 

Although the primary objectives of this experiment deal with tube 

performance at saturation power levels, investigation of small-signal 

operation was felt to be essential as well, both to verify the validity 

of the theory in the electron-stick environment, especially for cavity 

lengths longer than 2n, and as a calibration of our measurement techniques. 

The simplest application of the theory is in the prediction of beam- 

loading conductance; also, an accurate knowledge of this quantity is 

essential for the prediction of small-signal gain. Consequently, beam- 

loading conductance was measured. This was done by comparing the power 

reflected from the cavity with the beam off to that with the beam on. 

The measured results were compared to the values calculated on the basis 

oi the axial field distributions measured earlier, and reiisonable agree- 

ment was found (see Figs. 1 and 2). The fact that agreement is better 

for the two-cavity averages of Fig. 1 than for the single-cavity data 

of Fig. 2 indicates some scalloping of the dc beam, the effect of which 

is cancelled out by averaging over the axially separated buncher cavities. 

The  small-signal gain was also measured for a representative case 

(output cavity adjusted to length 5*» with coupler simply terminated), and 

is compared with the theoretical prediction in Fig. 3; the 3 dB dis- 

crepancy is probably due primarily to the error in the prediction of 

beam-loading conductance which is evident from Fig. 2. The steep rise 

in gain vs voltage is due to the rapid increase of negative beam loading 

in the input cavity and the consequent decrease in total shunt conductance 

in that cavity, which is always stub-tuner-matched to the driving-signal 

generator. A more detailed discussion of these results, and of the measur- 

ing technique used to obtain them, will te presented in the final report 

on this project, which is in preparation. The essential point here is 

that an important part of the small-signal theory has been verified for 

this tube, thus establishing this theory both as a guideline and as a 

calibration standard for the purely experimental analysis which is to 

follow. 

8 
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C  FUTURE W(»K 

With the small-signal performance reliably predicted, we are now 

proceeding to the main, and final, objective of the experimental program, 

i.e., an anpirical evaluation of power»bandwidth and efficiency uncer 

saturated conditicns as a function of output cavity length, loading, and 

synchronism conditions. 

A typical set of results is presented in Fig. ht    for a given length 

of the output cavity, with a given Q   , the power output or efficiency 

and the 5 dB bandwidth are measured under saturated conditions, with the 

input cavity matched to the generator and the idler cavity tuned for maxi- 

mum power output at each frequency of measurement. The nominal efficiency 

observed is relatively low because here the rf power absorbed by the in- 

ternal losses of the output cavity nearly equals the power coupled out. 

However, the heavy internal loading represents a situation dictated by 

the experimental environment rather than a basic limitation of this type 

of tube, so that the actual efficiency should be assessed at nearly 

double the value measured. 

Measurements of this type are now being made and ere expected to 

yield, as a final result of this project, information on the optimum 

interaction length and the best loading conditions for greatest efficiency 

and power-bandwidth. 

12 
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II. CENTIPEDE TWT 

(D. K. Winslow,* T. Reeder) 

A. ISTRODUCTIOS 

The objective of this project is to study the interaction between 

the electron beam and slow-wave circuit in a high power traveling-wave 

tube. The centipede slow-wave circuit, a coupled cavity structure, is 

used in this study. In particular, the centipede has been chosen be- 

cause it has proven to be one of the most satisfactory slow-wave struc- 

tures for a high power rWT. The method of investigation is to 

measure the amplitude and phase of the fields in each centipede cavity 

while the centipede is mounted on the electron stick and Is being oper- 

ated as a TWT. Measurements over a particular region are possible, such 

as at a sever and in the output section of the tube. The results of this 

study  are  of the utmost value in optimizing the many parameters af- 

fecting the beam-circuit interaction. 

B. DISCUSSION 

The bulk of the experimental and theoretical work on this project has 

been completed, and a comprehensive report is being written which describes 

the important results obtained by this study. Since this report should 

be available for distribution in the near future, only a sumnary of the 

project work will be given here. 

1. Experimental Work 

The experimental rr.c-surement of field amplitude and phase in each 
1>2 

coupled-cavity of the centipede tube was described in previous reports. 

« 
Project Supervisor. 
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A snail loop probe was constructed which could be coupled to be rf magnetic 

field Inside each cavity by small slots, as shown in Fig. 1. The amplitude 

and phase of the fields sampled by this probe were measured by standard 

microwave tecnniques at a location remote from the tube. The mechanical 

construction and operation of the probe were greatly simplified due to 

the fact that the measurements were made with the centipede waveguide 

mounted on the electron stick. With this setup the centipede circuit 

and field probe were outside the electron beam vacuum envelope, making 

adjustment and operation of the probe relatively easy. 

Measurements of field amplitude and phase were first made with the 

electron beam turned off so that the cold attenuation and oi-ß charac- 

teristics of the centipede circuit could be obtained. These cold measure- 

ments were the first to be reported in which a movable field probe was 

used to sense the amplitude and phase changes over the length of a 
2 

coupled cavity waveguide. As described in Report No. 10, the ü>-ß 

data were quite accurately obtained, even in the presence of the loss 

added to the centipede circuit and electron stick for oscillation sup- 

prebsion. The well-known perturbation method of obtaining üi-ß data 

was useless for measuring such a high loss circuit. 

Hot test measurements with an accelerating voltage of 100 kV and 

pulsed beam current of 6l amps showed that the rate of growth and phase 

shift per cavity of the growing wave could be accurately measured with 

the experimental setup. A discussion of the hot test data was given in 
2 

Report No. 10. 

2. Theoretical Work 

A small signal wave theory description of the interaction of an 

electron beam with a chain of coupled-cavity resonators has been derived- 

The theory includes the effect of the two fundamental space charge waves 

of the beam interacting with the forward and backward traveling waves 

of the circuit. An equivalent circuit which is an accurate representation 

of the oi-ß , E /W , and loss characteristics of the centipede is used 

to represent the coupled cavity circuit. The development of this equlva- 
k 5 6 

lent circuit has been given in previous reports. '  '      As far as the 
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One centipede 
cavity 

One periodic 
section 

Loop probe 

Coupling 

To probe measurement 
apparatus 

FIG. 1—Cross-secticMial view of the centipede structure 
showing field probe and coupling slot location. 
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electron dynamics are concerned, the theory assumes that each centipede 

cavity Is a long transit angle planar gap and that there is no drift 

space between cavities. Under small signal conditions a dispersion 

equation can be derived for the system consisting of the electron beam 

and the coupled-cavity equivalent circuit which shows that four allowed 

waves may propagate on the system. The relative excitation of these 

four waves is determined by an analysis of the boundary conditions for 

the beam and equivalent circuit. The loop current flowing in each 

coupled cavity of the equivalent circuit is defined as a quantity pro- 

portional in amplitude and phase to the magnetic field at the wall of 

the corresponding cavity of the actual centipede circuit. Thus, vhen 

the theory is used to calculate the relative amplitude and phase of the 

loop currents for the equivalent circuit-electron beam system, these 

amplitudes and phases should be the same as the experimentally measured 

field amplitude and phase at each cavity. As an example of how well the 

calculated and measured amplitudes and phases agree, consider Figs. 2 

and 3* The experimentally measured amplitudes and phases are the same 
2 

hot test data described in Report No. 10.  Note that the calculated 

amplitudes and phase are in good agreement with the experimental data. 

The parameters of the equivalent circuit were adjusted so that the cold 

test data of the centipede were most accurately represented at the fre- 

quency shown, 2S00 Mc, Since the equivalent circuit is less accurate 

at other frequencies, the agreement between calculated and measured data 

is not as good at frequencies away from 2800Mc. However, the qualitative 

behavior of the electron beam-equivalent circuit system was seen GO be 

the same as the measured behavior of the centipede TWI for frequencies 

covering the entire fundamental passband, even at frequencies near the 

band edge. 

The accuracy of the theory Just outlined, as well as additional 

discussion of the wave description of the centipede TWT, is given in 

the comprehensive technical report now in preparation. 
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PART II:  PHASE-SHIFTER AND DELAY-LINE MECHANISMS 

III, TRANSVERSE-WAVE STUDIES 

(T, Wessel-Berg,* B. Hoeks) 

In this fined report we present a suimaary and conclusions of our 

Investigation. The complete report will be forthcoming soon. 

A. OBJECTIVE 

The objective of this project is to study a possible approach to 

broadband high-powered amplifiers which involves interaction between an 

electron beam and a circuit in the presence of an axial dc magnetic 

field. This amplification mechanism depends on interaction between the 

transverse motion of the beam with transverse electric fields. Examples 

of such interaction are the Adler low-noise quadrupole amplifier, and the 

so-called fast-wave tubes where a rotating electron beam is interacting 

with an ordinary fast electromagnetic wave in a smooth waveguide. In 

the first case this type of interaction was used for low-noise amplifiers; 

in the second case, for very high frequency amplifiers. There are many 

possible variations of this kind of interaction, however, which would be 

appropriate to any frequency range and not merely for low noise. 

The analysis of transverse-wave propagation in accelerated electron 

streams has been completed with the issuance of a technical report {and 

dissertation) "Space charge waves in an accelerated parallel-flow 

electron beam in a constant magnetic field," by Has Hoeks, Microwave 

Laboratory Report No. 1205, July 196k. 

The main results of the investigation are summarized in the following 

sections of this report . 

In the coming year the emphasis will be shifted to transverse wave 

interaction In a crossed field beam rather than a drifting beam. The 

* 
Project supervisor 
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shift of objectives tcwsrds crossed field interaction is motivated by 

possible applications in time and phase delay devices. 

B.  INTRODUCTION 

Consider a parallel-flow Pierce electron gun as snown in the figure. 

For this type of gun the electrodes are shaped in such a way that the 

unperturbed electric forces acting on the electrons are in the axial 

(2-) direction only. 

Cathode 
^ Z V0'E02' 

Anode 

Circular cylindrical 

electron beam 

Electrode at      z, Zp 
cathode potential 

Pierce electron gun. 

The equation describing the drift velocity ^(z)  is therefore 

essentially that of a parallel-plane space-charge-limited diode, namely 

v0(z) = — = 3 
dT 

(1) 

^3 



where 

0, 0 
r\    ~    e /i 

e -    negative electron charge 

m  = electron rest mass 

J- » pn^z^ va^2^ = ^c ^eam current = constant 

Pn = dc space charge density 

e-, = tsermittlvity in vacuum 

T = dc electron transit tin» 

In additior to the applied axial electric field E0 ,  there is also an 

applied axial magnetic field B^  and a circular magnetic field B00 

due to the beam current. Inside the beam, EQQ is given by 

as Jn  is not a function of r or z. 

where 

^t- = permeability in vacuum 

r  = radius 

b = beam radius 

We have considered only the nonrelativistic case primarily for three 

reasons:  (a) no closed expression could be found for vJz) in the 

relativistic case;  (b) the effect of Bnö upon the parallel dc 

electron flow can be neglected; and (c) Bno can be taken small as 

compared to finite values of B   and can therefore be neglected in 

the ac force equations to be given laT-.er. The result is that r,0,z- 

dependent product solutions can then be readily separated from thes 

equations. 
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Referring again to the figure, we wish to establish whether the 

snail-perturbed noise fluctuations coning off the cathode will grow or 

decay as a function of the axial distance z , and furthermore what 

effect the axially applied dc magnetic field B-  has upon these 

fluctuations. We shall consider the solutions between the planes z, 

and z« only, where z, lies just beyond the potential minimum of the 

beam. 

In this analysis Maxwell's equations are linearized and the Eulerlan 

description of the force equations Is utilized. It Is assumed that (a) 

the velocity of any point Is single-valued, (b) no electron collisions 

occur, (c) the fields due to the image charges on the beam electrodes 

can be neglected, and (d) tne beam Is Infinitely long, i.e., the 

solutions derived for this case will approach the correct values If the 

beam diameter is small compared to Its finite length. 

C. THE BEAM EQUATIONS 

The linearized ac beam equations are given by (rationalized MKS 

units) 

VXB-^-   =    V   ) 
c    ot 

V . E = p/€0 

(3) 

V . op 

(st + V vj ^+^ * To + ^( 

0/ 0 -►dp -*• -♦•-♦■ 0/ ( 
J + 5t   * ;   Jspov+pvo   ;    ^ ~ e /m 

)     (M 

Qz xv    =    n (E + v0 X B) 
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and 

vr(b,ö,z,t) « I 5t + ^0 * V) ^i*'*'*) (5) 

where v  and s  are the radial velocity and displacement, respectively. 

If E (b,Ö,z,t) and E'(b,e,z,t) signify electric field Intensities 

.lust outside and Inside the beam, respectively, then the boundary condi- 

tions at the bean: radius b are found to be given by 

a » (B - B ) ■ 0    a x (B - B ) * ^rta Jrt s r     x rv     'OzOr 

a x rr - E ) » 0    a • (r - E ) » pn s /e, r r  x     '    0 r ( 

, (6) 

vhere a  and a  are radial and axial unit vectors, respectively. 

It can be shown that four of the six boundary Eqs. (6) are Independent. 

The problem can now be approached In two ways: 

1. One can solve the homogeneous system [Eqs. (3)-(5)] inside the 

beam and Maxwell's equations in free space and match these solutions at 

the beam boundary by means of Eq. (6). Unfortunately, this method leads 

to difficulties. After seperating the variables r,ö,t from Eqs. (3H5) 

there remain ten simultaneous first-order differentlKl equations with 

the variable coefficients P0(z) and v0(z) . We have considered 

various ways of reducing the order of this system by means of the fol- 

lowing methods: 

(a) Quasi-static approximations 

(b) Transformation of the beam equaxions to a frame of reference 

that moves along the z-axis at the dc beam speed v-iz) 

(c) Thin beam approximations. 

It was found that only the quasi-static approximation was useful. The 

system order could then be reduced from ten to eight. Although we have 

obtained first-order WKB solutions of this system, it did not appear 

feasible to match these solutions to the free space solutions at the beam 

boundary. 
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2. A conrparatlvely siaspler method is the utilization of retarded 

potentials, because it permits us to make effective use of thin beam 

approximations in order to reduce the order of the system. We introduce 

dA 
E ' * ^ - 5t ' B » V X A (7) 

in Eq. (3)> where ^ and A are retarded scalar and vector potentials, 

respectively, and the gauge is given by 

V • A + 
c2 Ot 

(8) 

Then Eqs. (3) become 

^-4^- 

Jt.-r, 

1 dzt 

cZdtS   ' -PAO 

1 a2A 

c2dt2   " -^o5 

(9) 

of which the first-order solutions are given by 

:r,0,z,t) 
P t 

~^dV + -o5^-!) 
Un€o v    R      4neo s     R 

dS , 

(10) 
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and 

A(r,0,z,t) = -^  / —^ ^ aV + -^  /  v " rV ^ dS  , 

(11) 

4ir ^T     R       ^n 

where 

R » (z-z.) + r + r, - 2rr1 cos(0 - 0,) 

r,ö,z « coordinates of the observation point 

r1,01,z « variables of integration 

V » volume of the beam 

S ss surface of the beam 

s « radial ac displacement 

v0 « dc beam velocity 

Pn = dc charge density , 

Although (10) and (ll) satisfy (9), the gauge (8) requires in addition 

that we have 

7 • J + 5? -   0 : -"o ( V ^r' + It  'Vr' = Vr  •    ^ 

Thus, by assuming a current density distribution J inside the beam, 

the distributions of the remaining quantities can be determined from (12), 

We now have obtained an integro-differential system consisting of 

Eqs. (h),  (5), (7), (10) and (ll). Although still difficult to solve 

in general, we will see below that the introduction of thin beam approxi- 

mations allows us to solve the problem. 
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The integrals (10) and (11) could be partially integrated for a 

thick beam by (a) taking the Fourier transforms with respect to z and 

t of the variables of the integrands, (b) assuming r,Q-variations in 

accordance vith the solutions of Bessel's equation, and (c) assuming an 

infinitely long beam. 

If ve now let the radius r as well as the beam radius b approach 

zero in (10) and (11), it Is found that the volume integrals become 

vanishingly small as compared to the surface integrals. The explicit 

expressions for ^ and A Inside a very thin beam are then given by 

^ 

p0(z) cJcot 

2€Ä 

OB 

I'' 
m=l 

jiBÖ A  / \   ~Jml9 /«•  / \ e"      s  (z) + e v  s  (z) 
-m +m 

A+ « o 

^0P0V0 Jwt Zm 1 ömö AV 

m=l   L 

(z) + e-^ S      (z) 

) ,   (13) 

where we have utilized the circularly polarized variables 

A+(r,9,z,t) = A^ ± JA 0 

S±m (z) rm    Qm 

Hh) 

We observe in (13) that all integrations occurring in (10) and (ll) 

could be performed. However, this can only be done for m ^ 1 , and 

not for m = 0 , In what follows we shall therefore consider only the 

values of m which are equal to or greater than unity. 
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D. THIN BEAM SOLUTIORS 

Upon utilizing Eqs. (U), (7), and (13) ve arrive at the two second- 

order differential systems 

h*+ uo ä) % 

U(ü) ± ü)c)    + v0 

r±m 

(15) 

where 

v0(z) 

<opU) 

00 

CO 

m 

pos./neg. circularly polarized ac displacement 

pos./ne8« circxilarly polarized ac velocity 

dc beam velocity 

l/2 
[r\pcXz)/en] '      m   angular plasma frequency 

ns. Oz angular cyclotron frequency 

P0(z) 

■0 

c 

m 

angular signal frequency 

0, 0 
e /m 

negative electron charge 

electron rest mass 

dc space charge density 

permittivity in vacuum 

speed of light in vacuum 

circular mode number equal to or greater than unity. 

In what follows we shall briefly describe some of the methods which we 

have utilized to solve (15). A detailed description can be found in our 

forthcoming report. 
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Since the coefficients of (15) are independent of m and the nor.- 

relatlvlstlc case is considered, the subscript m as well as the term 

v_/c  (representing the v0 X B term) will be  dropped. Furthermore, 

since the two differential systems are Identical except for a change of 

sign of (u  , it suffices to consider the negatively polarized solutions 

only. Thus, the set of equations to be solved is 

•A 
V 

1 2 Ä 
ä^p8" 

(16) 

In order to facilitate the solution of (16) we introduce the dc electron 

transit time T as defined by (l), so that we obtain 

1 2 
2^ 

HP, 

2c, 
1/1 (IT) 

By further putting 

X  a  ODT  ;  p  =  CD /(2U)) 

-JX 

(18) 

g_ = a^X) e JA ; ü»2(X) e"JX 
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Eqs. (lb) become in matrix notation 

H = A(x)a  , (19) 

where 

al 
a e {      j , and A 

e.n     I i    -1/X2    2jp 2 
\ 

It will be assumed that OD , and hence X and p , are real. Now, it 

is well known that If A is independent of X , one can introduce a 

matrix P such that 

a  «PC  , 

(20) 
Ac* '^•T ** i** ** 
~ » P  A P C  , dX ' 

and 

PAP 

is diagonal. The solutions C are then called normal mode solutions 

since they characterize the behavior of the system. If, however, A 

is a function of X , we found that, although A still can be diago- 

nalized, the solutions C no longer characterize the system, since 

P( X) is then generally a series containing Information with regard to 

both amplitude and phase. We have therefore attempted to find solutions 

together with their regions of validity such that the transformation 
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matrix P(x) is approximately a constant. The solutions C then re- 

present fairly good normal mode solutions. 

■The diagonalizatlon of A(x) has been accomplished by means of 

first-order WKB solutions as well as by asymptotic series for either 

small or large values of 

pX « 2 V Ä 2% 
1/3 (21) 

where z is the axial distance from the potential adnimum at the cathode. 

Since It follows from (1?) that OJ  Is singular at this potential 

minimum, it is evident that the solutions for small values of |px| are 

not valid at T»0 , z=0 ,or X=0 . They are, however, valid 

for p « 0 or a) « 0 . We now proceed to discuss the behavior of th« c 
transverse displacement s  , and the transverse and axial electric 

field intensities E  and E  , respe 

we include the following two cases only 

field intensities E  and E  , respectively. For the sake of brevity 

Case I, ü) = 0 ; (D / 0    c    p ' 

In this case the solutions are exact, namely 

s .    x1/* w        l/2^tn{o>r) -1/21 ^JM™) 
0+ C0- e 

-JCDT 

(22) 

where c_+ are constants and T(Z) is given by 

T = 

xl/3 
0€o\   1/3 

z 

r\Jf 

(23) 
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The electric field intensities are found to be 

E (z)  = 

E (z) z 

Ü) (z) 

-*•  s (z) 

d  Jojv. 

(24) 

Ü) 

dz   c 2il 

?y considering (17)» (22), (23) and {2k)  one observes that as T or z 

increases (a) s  grows, (b) E  decays, (c) the term of E  involving 
"A p       Z 

(d/dz) decays, and (d) the term of E  involving l/c  grows. 

Case II, oi f 0    ;   CJJ / 0 
   c  P 

In this case the first-order WKB solution for large ipX| is given 

by 

.-1/2 r ja i    -ja, J(p-l)x 
s  = f '  [c^ e^ + c0_ e ^ j e0^ ' (25) 

where c   are constants and we have 

*2    2 f     »   P   + 
X2 

a  « -Wl + (pX)2 - -tn 

p  = ^c/(2u)) 

X  =  CDT 

1 + -yj i + (PX)J 

px 

3^ 



Me observe from Eq. (25) that as X T or z increases» the asgnituie 

of s  will at first grow in a fashion siaillar to that of (22)„ but will 

then approach an asyiaptotic value beyond a certain distance from the 

cathode. The larger the value of to  ? the shorter this distance will 

he.    In view of this we believe that the Bdnimum value of c»  (and hence 
c 

the axially applied dc aegnetic field) should be such that the asyaptotlc 

value of t  is reacl^d just before the beam leaves the electron gun. 

This will be approxlnately the case when 

1PX(> 3  , 

or, in view of (21), when 

B02 > 5-1 (JQ/L)
1
/
3
  , (26) 

where 

B0 (gauss) » axial dc magnetic flux density, 

J0 (anp./sq. Meter) « dc beam current density, and 

L (meter) « distance between cathode and beam exit. 

Except for the term of E  involving l/c  which behaves as s  does, 

the electric field intensities will als ^ decay in this case as a func- 

tion of z . 

Finally, the effect of O-variations can be studied by considering 

the ratios of the m-th components of the eleetric field intensities and 

35 



the transverse displacement, naaely 

p 
E.a{r,0,2,t) CD 

s Jr,Ö,z,t) 2TJ 
•Hi 

E   (r,e,z,t) (£•?)(•-•■■) 
s Jr,ö,z,t) km s    (z) -la -ai 

(27) 

One observes that for a given magnitude of s (r,0,z,t) , E (r,0,z,t) 
» zn 

apprtMiches zero as m -♦« or r-*0 and that E  is not affected 
-m 

this vay. This phenomenon indicates that we are primarily dealing with 

a transverse wave interaction. 

E. CONCLUSIONS 

In conclusion we wish to mention that (l) we succeeded in studying 

the purely transverse wave interaction in an accelerated electron beam 

by utilizing the retarded potential method and by introducing thin beam 

approximations, and that (2) the application of an axial dc magnetic 

field reduces the noise fluctuations at the beam exit plaae. In addition, 

we wish to mention that several authors have shown by means of a one- 

dimensional analysis that purely axially directed noise fluctuations 

will generally decay on an accelerated beam. In this case, an axially 

(?4T-ected magnetic field would, of course, have no effect. 

Although we have not succeeded in studying the effects of inter- 

action between transverse and axiax waves, we have shown that the ap- 

plication of an axial magnetic field will generally have a favorable 

effect on the noise reduction. 
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IV. WHISTLER MODE roOPAGATION IB SOLIDS 

(G. S. Kino, J. Eidson) 

A. OBJECTIVE 

The purpose of this study Is to investigate wave propagation through 

solid-state material which depends on plasma effects resulting from the 

collective motion of the conduction electrons. In particular, the so- 

called helicon or whistler mode of propagation is of great interest be- 

cause the loss per wavelength of this mode is determined by the ratio of 

the cyclotron frequency to the collision frequency, rather than by the 

ratio of the working frequency to the collision frequency. Consequently, 

because high cyclotron frequencies are relatively easy to obtain« tb* loss 

in these modes can be small. The modes themselves are intrinsically in- 

teresting because (l) they are extremely slow waves with wave velocities 

a small fraction of the velocity of light, (2) there is the possibrlity 

of using nonuniform static magnetic fields to ceus^ refractive focusing 

of these waves; by changing the magnetic ii^lds, both the phase delay 

and the point in the semiconductor where the field is a maximum may to^ 

altered. This has obvious applications to microwave switching and c^elay 

line problems. There is also the possibility that when dc electric ri-?l(ls 

are applied to the semiconductor there will be interactions between 

electrons arid holes which can give rise to amplification or instabilities. 

It is intended that most of our work will be carried out using semi- 

conductors rather than metals. In a metal, helicon mode propagation is 

nonaaliy observed at very low frequencies in the kilocycle range  With 

a soaiconductor material such as indium antlmonide, characterized by a 

high plasma frequency of perhaps TOO kMc and a fairly high collision 

frequency of  » 50 kMc at TT K , the best operating frequency is 

typically in the millimeter wave range. Large cyclotron frequencies are 

easily obtainable due to the very small effective mass of the electrons 

Project Supervisor 
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In such sealconductors. In indium antiaonide» for instance, the effective 

mass of the electron is l/TO of that of a free electron. 

•Hie early phas^ of the study will he to repeat a measurement of 

helicon wave propagation through indium antimonide of the same type 

carried out by a number of workers elsewhere. IMs is being done in order 

to gain experience with this type of experiment before proceeding to 

further more sophiscated studies. 

B. PRESEMT STATUS 

This project has been active for only one quarter. During this 

quarter we have made preliminary calculations on the propagation of 

whistler modes in InSb . Samples have been obtained with collision 

frequencies of about 50 kMc. 

An initial experiment to measure the transmission through a sample 

is being constructed. Hhis work will be done at about 55 ^Mc and a 

source at this frequency is being assembled and tested for use on this 

and a related project. 
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V. CARRIER WAVE PROPAGATION IB SatlCOHDÖCTORS (GUHN OSCILLATIOHS) 

(G. S. Kinor J* Owens) 

A. OBJECTIVE 

1 
The purpose of this study Is tc investigate Gunn oscillations 

in semiconductors. Ihis is a type of oscillation first observed by Gunn 

when he applied large electric fields to gallium arsenide and indiisa 

phosphide. Typically, with galliuo arsenide, in which the most repro- 

ducible results have been obtained usinj n n contacts of tin and highly 

doped n-type gallium arsenide, he observed microwave oscillations when 

the applied field was of the order of 1300 volts per cm. The oscillation 

frequency is approximately the reciprocal of the transit time of the elec- 

tron from one end of the semiconductor to the other. Coherent oscillations 

were obtained only with very short samples of semiconductors corresponding 

to oscillation frecfuencies of the order of 1,000 megacycles or more. 

The experiment has been repeated in many laboratories. The device should 

obviously provide an important new source of microwave power because of 

its simplicity and ultimate cheapness in manufacture. 

Our purpose is to investigate the source of these oscillations and 

to determine a mechanian for their generation. It is our belief, shared 

by all working in the field, that they are due to a volume effect, not 

a Junction effect, in the semiconductor. We believe the oscillatxons 

are associated with a wave propagating through the semiconductor at the 

drift  velocity of the electrons, which is approximately 10 cm/sec in 

GaAs. This concept is closely related to others which refer to a domain 

of charge moving through the semiconductor at the drift velocity, or to 

a shock wave moving through the semiconductor. Sufficient experiments 

have been done by Gunn to prove the point that there is indeed a region 

of excess electron charge followed by a region of electron charge de- 

ficiency moving through the semiconductor at the electron drift velocity. 
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We believe that such volume effects are of utmost importance and nay 

point to new ways of obtaining waves which can propagate through a semi- 

conductor at the electron drift velocity with very little loss or, 

indeed, with growth. Already it has been noted that interactions between 
2 5 4 

electrons and sound waves in semiconductors can be observed. * *  It 

is therefore our intention to try and understand how oscillations are 

generated, how waves may be propagated through the volvme of the semi- 

conductor^ how their phase velocity and phase delay may be controlled, 

and the conditions for instability or growth of such waves. In par- 

ticular, with the use of injecting contacts it may be possible to inject 

a pulse of Charge at one end of a semiconductor and observe its time 

of travel through the semiconductor. The fields associated with this 

pulse of charge then would constitute a wave propagating through the 

semiconductor at a velocity comparable to the electron drift velocity. 

The semiconductor itself, therefore, may behave very like a transmission 

line with a very slow velocity of propagation under these conditions. 

B. THEORETICAL WORK 

A great deal of theoretical work on the subject has been undertaken 

with the cooperation of C. F. Quate and T. WesseL-Berg, who are carrying 

out similar studies on other contracts. The properties of the waves 

which can propagate on drifting carriers of a semiconductor have been in- 
k 

vestigated in some detail using the methods given in a paper by Quate. 

The small signal theory has been extended to take account of the situation 

when the electron drift velocity is saturated because of interaction with 

optical phonons. Under these conditions, the presence of an rf fielci 

makes no difference to the velocity of the electrons. Consequently, 

there is no ac velocity. An initial increment of charge leaving the cathode 

end of the system can thus pass along the semiconductor unchanged in 

form, provided diffusion effects are negligible. Using this approach 

it is possible to show that a semiconductor diode should, like the 

Lwellyn diode, have a negative resistance when the transit time of the 

electrons through it is approximately 2K radians. However, the negative 
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resistance is not sufficient to account for the experimental results 

obtained with the Gunn diode. A further mechanism is needed. Mechanisms 

associated with intervailey scattering and with space charge instabilities 

of various kinds are currently being investigated. 

C. EXPIRIICTÜÄL WORK 

The object of this project is to study and to attempt to explain the 

Gunn effect, a current instability at high current densities in III-V 

semiconductors such as GaAs. 

Samples of GaAs have been obtained and cut into thin, 1 cm-long 

samples and ohmic contacts alloyed onto the ends of the samples. At 

high fields, incoherent oscillation-; have been observed. At fields near 

the threshold of the instability, seemingly coherent pulses of noise have 

been seen. It is hoped that coherent oscillations can be sustained in 

long samples. In this case, observation can be made on the longitudinal 

variation of rf field and current along a sample without the problems 

associated with such measurements in short samples. 

Some trouble has been encountered in maintaining consistency of 

ohmic contact. The contact resistance seems to increase with time. At 

present, experiments are being conducted with different alloys and al- 

loying methods to alleviate this problem. 
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VI. ACOUSTIC WAVE DEVICES 

(H. J. Shaw/ D. K. Winslow, E. Lean) 

A.   mraoDUCTioii 

A very inportant approach to the realization of variable time delay 

and phase shift at microwave frequencies is through the use of micro- 

wave acoustic waves in solids. In all such devices and applications of 

acoustic waves at present, one of the largest practical difficulties 

lies in the coupling loss in transducers designed to couple microwave 

electromagnetic energy into microwave acoustic waves. In the present 

program we have recently begun setting up facilities for the fabrication 

of new types of transducers, particularly employing thin film techniques. 

The objective here is to fabricate working models of new approaches to 

transducer design, and to test these designs in the laboratory by meas* 

ureassnts of coupling efficiency awl passband characteristics. At this 

time it appears that the proper use of thin films may lead to trans- 

ducers of very low conversion loss. 

B. PRESENT STATUS 

A number of thin films have been evaporated in this laboratory in 

the past for a variety of purposes and, to date on this contract, equip- 

ment has been modified and acquired to evaporate films for our purpose 

here and to measure the coupling efficiency of these transduce'rs'. A 

typical nickel film transducer with a rutile rf dielectric resonator 

and delay line for operation at S-band is shown in Fig. I. 

The method of coupling the rf magnetic field to the nickel film used 

here was developed on another contract in this laboratory. The rutile 

dielectric resonator increases the rf magnetic field for a given power 

Project Supervisor 

^3 



o 

o 

■p 
o 
c 

8J 
c 

H 
<D 
tJ 

o 
■p 
a) 
c o 
CO 
a» 
a 

i 
i 

H 

Ü 
M 

CD 

u 



Input by a factor of 25 to 30, compared to the aagsetic field of a metal 

resonator of similar shape* Here, as in the previous experlasents, the 

coupling efficiency is determined by observing the amplitudes of the 

incident and reflected rf pulses. An incident pulse of 1 mW of rf power 

at 3000 Mc, for example, of one microsecond duration is applied to the 

resonator. This pulse is converted to an acoustic wave by the magneto- 

strictlve nickel film transducer tt.tached to one end of the low loss 

dielectric delay line. The acoustic wave propagates in the delay line, 

reflects from the end, and is returned to the nickel film transducer, 

where the acoustic pulse is converted to rf, which is observed as an 

echo. For a single crystal sapphire rod 2 cm in length, the delay time 

between the initial exciting pulse and the first echo is about four 

microseconds. A number of echoes are usually observed as the magneto- 

strictive transducer couples out a fraction of the acoustic energy after 

each round trip in the delay line. The velocity of the acoustic wave is 

obtained from a determination of the time between successive pulses and 

the acoustic attenuation by a measurement of the amplitudes of suc- 

cessive pulses. The conversion efficiency, a measure of how efficiently 

a transducer converts rf energy to acoustic energy, is obtained by 

measuring the difference in amplitudes of the initial exciting rf pulse 

and the first echo. This difference includes the transducer efficiency 

twice, from rf to acoustic power and on the return from acoustic to rf 

power, and the acoustic attenuation in the delay line. For the conversion 

efficiency as given in this report, the acoustic attenuation of the delay 

line is subtracted from the difference in amplitude of the initial pulse 

and the first echo, and the result is divided by two, which gives the 

one-way conversion efficiency. Typical values for this conversion ef- 

ficiency for nickel films measured in this laboratory are about 30 dB 

for both longitudinal and shear waves. For comparison, thin quartz 

wafers 0.005 in. thick, bonded to the delay line and used in this labora- 

tory on other contracts, have a conversion efficiency of about 20 dB. 

Recently, a zinc oxide wafer similar to the quartz gave a conversion 

efficiency of 11 dB. The zinc oxide wafer represents the best conversion 

efficiency obtained to date. Recently, cadmium sulfide evaporated films 

have been reported to have given a conversion efficiency of approximately 
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10 dB. This work was done In another laboratory.  These piezoelectric 

films show great promise and are discussed in more detail below. 

Single-layer nickel films have been evaporated on different sub- 

strates and typical results are summarized in Table I. The arrangement 

of apparatus in the vacuum bell Jar is shown in Fig. 2. Note that a 

cold trap in the bell Jar is used in all cases. Early experiments showed 

this gave considerable improvement on the conversion efficiency of Llie 

nickel films evaporated under these conditions. The substrate tempera- 

ture is important, as can be seen from Table I. The temperature given 

here is the temperature given by a thermocouple in the substrate holder. 

The substrates (acoustic delay lines) here were sapphire and rutile 

approximately 6 x 6 x 20 mm. As shown in Table I, the conversion 

efficiencies for the best nickel films were 30 dB for shear waves in 

rutile (sample 9) and 31 dB for longitudinal waves in sapphire (sample k) 

at the S-band frequencies as given. 

Equipment is now being designed and assembled for the evaporation 

of multilayer films. The purpose here is to determine the effect on the 

conversion efficiency of a number of half-wavelength layers of thin film 

transducer materials separated by half-wavelength inactive material. The 

first experiment will consist of two layers of nickel film separated by a 

half-wavelength film of magnesium fluoride. With this equipment we can 

also evaporate a number of quarter wavelength layers which will act as en 

impedance transformer between the transducer and the delay line. Also, 

with this multi-source arrangement, four different materials can be 

evaporated during a single run. This allows a sufficient number of films 

for both the multilayer transducer and the impedance transformer, so that 

the complete system car. be evaporated without removing the work from the 

vacuum. 

Cadmium sulfide (CdS) one-half acoustic wavelength in thickness 

shows considerable promise as an efficient transducer, as stated above. 

There are several methods which have been used under a variety of 
12 3 

conditions. '  '      These films have been successfully evaporated with the 

preferred orientation, the C-axis of hexagonal CdS normal to the film 
2 3 

surface, for the generation of longitudinal acoustic waves. '  These 

methods use either the co-evaporation of cadmium and sulfur or the 
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co-evaporat-on of CdS and sulfur. 5y ccmtrolling the direction of the 

1 
evaporation beam, i.e., at 35 to ^ with the substrate, the hexagonal 

06S can be properly oriented for the generation of transverse waves. 

An evaporating station has been equipped for the simultaneous evaporation 

of cadmium and sulfur, and a numbei of preliminary runs have been made. 

These films are between one and twc microns thick. Procedures and methods 

for controlling and monitoring thickness, source temperatures, substrate 

temperature, etc. are underway. Equipment and procedures for the rf 

evaluation of these films is also proceeding. Procedures are also being 

developed to evaporate multilayer active CdS films in the near future. 

The method here will be to evaporate layers of CdS, each one-half wave- 

length thick. Alternating layers will be active hexagonal CdS films, with 

the layers between composed of non-piezoelectric cubic CdS. 
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